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Abstract

Tipping elements of the Earth system are often framed as threshold phenomena
governed by peak global warming [1-3]. However, climate components operate
on widely differing intrinsic timescales [4-6], so the outcome of overshoot warm-
ing may depend not only on temperature thresholds but also on the interaction
between forcing duration and system inertia.

Here we use a comprehensive Earth system model with interactive ocean cir-
culation, Arctic sea ice and a fully coupled Greenland Ice Sheet to simulate
multi-millennial trajectories under extended overshoot scenarios [7]. We find
that reversibility is strongly component-specific. Fast components, including the
Atlantic Meridional Overturning Circulation (AMOC) and Arctic sea ice, weaken
during peak forcing but recover as greenhouse-gas concentrations decline. In
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contrast, the Greenland Ice Sheet shows persistent mass loss and long-term
commitment even under strong mitigation, consistent with its slow dynamical
adjustment and geometry-dependent feedback [8-10]. Despite freshwater fluxes
exceeding 0.1 Sv, AMOC collapse does not occur, highlighting the importance of
spatial meltwater routing and advective export [11-13].

Our results demonstrate that Earth system reversibility cannot be inferred from
peak warming alone. Instead, overshoot duration reorganizes the hierarchy of
tipping elements according to intrinsic process timescales. Tipping is therefore
a dynamical outcome emerging from timescale competition within a coupled
system. These findings imply that even temporary overshoot can irreversibly com-
mit slow structural components of the climate system, redefining how climate
stabilization targets should be interpreted on millennial timescales [14, 15].

Keywords: Earth System Resilience, Greenland Ice Sheet, Atlantic Overturning
Circulation, Future Warming Scenarios

Main

Despite significant advances in climate modeling, major uncertainties persist regarding
the long-term evolution of the Earth system under sustained anthropogenic forcing.
Key questions remain about the resilience of critical climate components such as the
Greenland Ice Sheet (GrIS) [8, 10, 16], Arctic sea-ice [2, 17-19], and the Atlantic
Meridional Overturning Circulation (AMOC) [20-22], and their potential to cross
irreversible tipping points within the coming millennia. These uncertainties arise not
only from imperfect knowledge of individual processes, but from the intrinsic inertia of
the climate system itself. Slow Earth system components like ice sheets and the deep
ocean shape future climate trajectories beyond the next centuries. Addressing these
uncertainties is essential for refining the concept of planetary boundaries [14] and for
informing strategies to mitigate long-term climate risks.

Many studies highlight the risk of tipping cascades in which changes in one Earth
system component trigger changes in another [2, 3, 15]. However, tipping behavior
depends critically on timescales, which differ by orders of magnitude across climate
subsystems. As a result, interactions among slow components are difficult to capture
in comprehensive Earth system models (ESMs), and most studies rely on conceptual
models or models of intermediate complexity [23].

In particular, polar ice sheets, such as the GrIS, are a decisive element in long-
term future projections [19]. However, accounting for the ice sheets’ inertia and
resolving feedback processes requires multi-millennial simulations with complex ESMs.
Although interactive ice sheets are increasingly included in ESMs [24-36], long-term
projections with such models remain rare [37]. This limitation is critical for assess-
ing AMOC evolution, which is often studied using idealized freshwater perturbations
rather than dynamically evolving meltwater input [11, 12, 21, 38]. Such approaches
capture ocean-circulation mechanisms but neglect the spatial and temporal variability
of meltwater release. Climate projections from the sixth Coupled Model Intercompar-
ison Project (CMIP6) likewise omit Greenland meltwater fluxes [20-22, 39], yet still
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show an AMOC decline, albeit with large uncertainty. Studies that include meltwater
effects typically lack interactive ice sheets or sufficient resolution and integration time
[26, 31, 32, 35, 40, 41].

Here, we run the state-of-the-art comprehensive AWI Earth System Model (AWI-
ESM) to simulate global climate and Greenland ice sheet evolution over the next
2,000 years. The model has been applied for paleoclimate simulations on glacial-
interglacial time scales [42, 43], providing a robust framework for our projections. In
this study, we explore the resilience and irreversibility of key climate system compo-
nents over multi-millennial timescales while accounting for the intrinsic inertia of slow
climate components and the interplay between ice-sheet dynamics, ocean circulation,
and sea-ice evolution.

Reversible components: Arctic sea ice and AMOC

Transient simulations with prescribed atmospheric greenhouse gas concentrations and
orbital configurations for four different extended future scenarios (Fig. 1, Tab. Al)
are performed with the Earth system model AWI-ESM (see Methods). The modelled
historical global mean temperature increase follows observations [44, 45]. In the sce-
narios, COq peaks between 2100 and 2250 at 610 ppm (SSP2-4.5) and 2,150 ppm
(SSP5-8.5) before declining, whereas temperatures peak centuries later (2250-2500) at
around 3°C and 9°C, respectively (Fig. 1c). Temperatures then decrease more slowly,
remaining elevated by 2°C and 7.5°C by 4000 CE, illustrating strong climate-system
inertia.

Despite this persistent warming, several climate components exhibit substantial
recovery after peak forcing. Warming-induced sea-ice retreat increases solar absorption
and leads to the loss of summer Arctic sea ice within the first few centuries in all
scenarios (Fig. 2b). Summer sea ice recovers in the low-emission pathways (SSP2-4.5
and SSP4-6.0), but remains absent for millennia in high-emission scenarios (SSP3-
7.0 and SSP5-8.5). Winter sea ice shows smaller losses (approx. 30%) in low-emission
scenarios but disappears entirely in high-emission cases, with only partial millennial-
scale recovery (Fig. 2a). In the overshoot experiment SSP5-8.57, with a fast reduction
of COy forcing, both summer and winter sea ice recover within decades after COq
decline, reaching levels comparable to SSP4-6.0; despite higher air temperatures. These
results indicate a general reversibility of Arctic sea-ice loss once COg concentrations
decline after an overshoot.

A qualitatively similar behaviour holds for the Atlantic Meridional Overturning
Circulation (AMOC) (Fig. 3b). From around 16 Sv in the pre-industrial control simula-
tion, it decreases to around 10 Sv and 5 Sv in SSP2-4.5 and SSP5-8.5, respectively. The
AMOC slowdown is dominated by thermal forcing, and its minimum coincides with
peak atmospheric CO4 concentration. Recovery of the AMOC is evident in all simula-
tions. While reaching nearly pre-industrial levels by the year 4000 CE in SSP2-4.5 and
SSP4-6.0, it remains weakened at around 13 Sv in SSP3-7.0 and SSP5-8.5. Overshoot
behavior occurs in SSP5-8.57 with a fast increase from 10 to 19 Sv. AMOC recovery
can be explained by enhanced atmospheric freshwater export from the Atlantic basin
under a warmer-than-present climate [32, 46, 47].
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Irreversible components: Greenland ice sheet

The Greenland Ice Sheet response is strongly scenario-dependent. High-emission path-
ways produce several metres of sea-level rise by 4000 CE, around 6 m in SSP3-7.0
and 7.2 m through a complete ice-sheet loss in SSP5-8.5 (Fig. 4a). In low-emission
scenarios, projected ice loss corresponds to 1.5 to 3 m of global mean sea-level rise.

The integrated surface mass balance (SMB) is positive during the historical period
while being negative at GrIS margins (Fig. A4, A12). Snow accumulation exceeds
melting and refreezing further increases SMB. Steeply increasing with temperature,
melt rates peak around 2500 CE with maximum global mean temperatures. Integrated
meltrates reach 1,500 to 3,500 Gt yr—!, and hence a three- to seven-fold increase from
its historical mean (Fig. A3) in SSP4-6.0; and SSP5-8.5;, respectively. During the 21st
century, the SMB becomes negative and dominates ice loss, while calving rates (dis-
charge) decrease from around 300 Gt yr—! to around 100 Gt yr—! in SSP4-6.0; and
become zero when all ocean terminating glaciers have disintegrated (Fig. 4, A4). Basal
melting plays only a minor role in the total GrIS mass balance (Fig. A4). By 2100,
positive SMB remains only in central west and southeastern Greenland in SSP5-8.5;
(Fig. 4). The ice retreats toward central Greenland, leaving a 2,000 m—thick remnant by
3000 CE and is disintegrated entirely by 4000 CE. In the overshoot experiment SSP5-
8.57, the mass balance responds rapidly to reduced forcing and stabilizes at around
1.45 m sea-level equivalent (Fig. 4). In simulations with prescribed GrIS, all precipi-
tation contributes directly to runoff [48], increasing freshwater discharge from around
0.03 Sv under pre-industrial conditions in PI; to around 0.05 to 0.06 Sv in SSP3-7.0
and SSP5-8.5, with only minor changes in low-emission scenarios (Fig. 3). Including an
interactive ice sheet substantially enhances runoff, reaching 0.1 and 0.15 Sv in SSP3-
7.0; and SSP5-8.5;, respectively, and 0.05 to 0.06 Sv in the low-emission cases. Thus,
meltwater roughly doubles freshwater input in high-emission scenarios. In the over-
shoot experiment SSP5-8.57, freshwater release declines rapidly as melting decreases
and the ice sheet stabilizes. In our simulations, most of the melting land ice is dis-
charged in the western and northern parts of Greenland. From there, the freshwater
is exported out of the North Atlantic region along the Labrador Current. This result
underscores the importance of interactive ice-sheet components in future scenario sim-
ulations to account for the spatial heterogeneity of meltwater discharge from the ice
sheet.

Timescale mechanism: climate memory

The contrasting behavior of different Earth system components reflects differences
in intrinsic timescales and feedback processes. Ocean circulation and sea ice respond
rapidly to changing radiative forcing and recover once greenhouse gas concentrations
decline. In contrast, ice-sheet evolution is governed by slow dynamical and feedback
processes, that operate on millennial timescales. In our simulations, peak radiative
forcing persists for several centuries, whereas the dynamical adjustment of the GrIS
unfolds over millennia. The intrinsic adjustment time of the GrIS therefore exceeds the
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Fig. 1 Time series of atmospheric CO2 concentrations (a), and global mean air temperature anoma-
lies compared to the mean between 1951 and 1980 (b) for historical (HIST) and different future
scenarios (SSP) simulations, as well as a pre-industrial control (PI;) simulation with a constant 1850
COg2 concentration. The index 7 indicates simulations with the interactive Greenland ice sheet. HIST
simulations go from 1850 to 2015, and SSP simulations without interactive ice sheet go from 2016 to
3000 CE, while simulations with interactive ice sheet go from 2016 to 4000 CE. SSP5-8.57 is branched
off from SSP5-8.5; in 3000 CE with atmospheric CO2 concentration linearly decreasing to SSP4-6.0
values within one century. The black crosses in (a) represent observational data from [49] while the
black crosses in (b) represent observational data from [44, 45].

duration of peak forcing substantially. This separation of timescales explains why tran-
sient overshoot warming results in long-term commitment despite declining greenhouse
gas concentrations.

A notable difference between model runs with interactive ice sheet and those with-
out is the reduced summer sea-ice cover and the delayed recovery of both summer and
winter sea-ice. A multi-centennial delay in sea-ice recovery occurs for winter sea-ice
in SSP3-7.0;, and for summer sea-ice in SSP2-4.5; and SSP4-6.0; (Fig. 2b). Increased
near-surface air temperatures, driven by ice-albedo and ice-elevation feedback, espe-
cially in northern Greenland, lead to this delayed response (Fig. Al, A2). A critical
link between potential Earth system tipping elements that is neglected in simulations
without an interactive ice sheet.

Differences in AMOC trajectories between simulations with and without an inter-
active ice sheet are small compared to scenario differences, although the influence of
Greenland meltwater on the AMOC increases with GrIS melt rates (Fig. 3). In SSP5-
8.5;, GrIS melting adds 0.1 Sv of freshwater and weakens the AMOC by around 1 Sv
compared to SSP5-8.5. The additional weakening arises from reduced deep convection
in the Labrador and Irminger Seas in SSP5-8.5; relative to SSP5-8.5 (Fig. 3, Al4).
However, our results show a comparably weak AMOC sensitivity to Greenland ice
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Fig. 2 Time series for Arctic sea ice cover during March (a) and September (b) for historical (HIST)
and different future scenarios (SSP) with (”;”) and without interactive ice sheet, as well as the control
simulation (PI;) (see Fig. A1,A2).

melting, reflecting the spatial pattern of freshwater release and its advection (Fig. 3).
As shown in other studies, AMOC response depends strongly on the location of fresh-
water input [12, 13]. In our simulations, freshwater released mainly north and west
of Greenland is transported southward by the East Greenland, West Greenland, and
Labrador Currents, producing only limited freshening in the Nordic and Labrador
Seas despite large local fluxes in SSP5-8.5; (Figs. 3, A5, A6). Although only small,
the difference in AMOC response due to enhanced GrIS melting dampens warming
over the North Atlantic by around 1°C (Fig. A11) through a reduced northward heat
transport.

These results show that reversibility in the Earth system is controlled by the
interaction between forcing duration and intrinsic process timescales. Components
with short adjustment times recover after overshoot warming, whereas slow compo-
nents, such as ice sheets, store a long-term climate memory and remain committed to
change. A nuanced interplay exists in which slow-responding components modulate
the trajectories of fast-responding ones.

Discussions

We explore millennial-scale Earth system trajectories under four future warming sce-
narios using AWI-ESM including an interactive Greenland Ice Sheet. The simulations
enable an assessment of transient dynamics and long-term recovery potential.
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mixed layer depth is reduced by more than 200 m in simulations with interactive GrIS (SSP4-6.0;
and SSP5-8.5;) compared to those without (SSP4-6.0 and SSP5-8.5, see Fig. Al4).

The contrasting behaviour of individual climate components in our simulations
can be interpreted through a framework of timescale competition. We define timescale
competition as the interaction between the duration of external radiative forcing and
the intrinsic adjustment timescale of a given Earth system component. When the latter
one is short relative to the duration of peak forcing, the component follows the forcing
trajectory and may recover once greenhouse gas concentrations decline. In contrast,
when intrinsic adjustment times substantially exceed peak forcing duration, the sub-
system integrates the perturbation over extended periods and remains committed to
long-term change even after atmospheric forcing decreases. In our simulations, Arctic
sea-ice and the AMOC are comparatively fast components, adjusting within cen-
turies and recovering once radiative forcing weakens. The GrlIS, by contrast, exhibits
multi-millennial adjustment times governed by ice dynamics and geometry-dependent
feedback, like ice-albedo and ice-elevation feedback. As a consequence, even transient
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overshoot warming leads to persistent mass loss and long-term commitment. This sep-
aration of intrinsic timescales implies that tipping behaviour is not determined solely
by temperature thresholds, but by the relative magnitude of forcing duration and
subsystem adjustment time. Overshoot therefore reorganizes the hierarchy of tipping
elements according to their dynamical inertia. In our simulations, the duration of peak
forcing is on the order of centuries, whereas GrIS adjustment unfolds over millennia.

Through this long-term memory effect, slow Earth system components shape future
climate trajectories. A nuanced interplay between heterogeneous ice-sheet melting,
ocean circulation, and deep convection modulates the AMOC response to climate forc-
ing. Instead of a total shutdown, the AMOC recovers even with substantial freshwater
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input from GrIS melting, challenging previous studies that project a collapse under
sustained warming [22, 41]. However, the somewhat weaker AMOC dampens North
Atlantic warming, leading to a regional-scale climate response towards the long-term
committed ice sheet. By feedback processes, the GrIS modulates and delays the Arctic
sea-ice response on a multi-centennial timescale, even in moderate emission scenarios.

Our results reflect a hierarchy of response times, giving the Earth system a physical
memory that extends beyond peak warming. Hence, a comprehensive understanding
of system inertia and feedback is essential for informed climate risk management in
the Anthropocene. Overall, our results emphasize that early and sustained reductions
in carbon emissions not only reduce near-term impacts but also lower the risk of long-
term consequences, even if Earth system changes remain potentially reversible. The
Earth system’s capacity for eventual stabilization should not be misinterpreted as
resilience of environmental or social systems, many of which may not withstand such
prolonged disruptions.

Methods

CLIMBER-X

The fast Earth system model CLIMBER-X [50, 51] is used to derive the atmospheric
CO3 and CH4 concentrations needed to force the AWI-ESM. The interactive carbon
cycle in the model allows to prognostically simulate the evolution of atmospheric
CO4 and CHy given their anthropogenic emissions for the different scenarios. Further
details can be found in [52].

AWI-ESM-2

The Alfred Wegener Institute Earth System Model (AWI-ESM) is a comprehen-
sive Earth system model based on the AWI Climate Model (AWI-CM), which
has been extensively applied in both paleoclimate and future climate simulations
and contributed to the Coupled Model Intercomparison Project Phase 6 (CMIP6)
[32, 53-57]. The model version used in this study includes an updated version of the
Finite volumE Sea ice-Ocean Model (FESOM2) [56, 58, 59]. FESOM2 employs an
unstructured mesh, which has been widely used in past, present, and future climate
applications [32, 60, 61], and enables variable horizontal resolution: up to 20 km in
high-latitude regions and up to 120 km in lower latitudes, with 47 vertical levels. The
atmospheric component of AWI-ESM-2 is ECHAMS6, the sixth-generation general
circulation model developed by the European Centre for Medium-Range Weather
Forecasts [62]. In this study, it is run in the T63L47 configuration, corresponding to a
horizontal resolution of approximately 1.9° and 47 vertical levels. ECHAMSG6 includes
a hydrological discharge scheme for simulating river runoff [48] and a dynamic land
surface model that represents vegetation processes [63, 64]. The Greenland ice sheet
is modelled with the Parallel Ice Sheet Model (PISM) [65, 66]. The model employs
the shallow shelf and shallow ice approximations and runs on a local equidistant grid
with 5 km horizontal resolution and 201 vertical levels. The surface mass balance for



259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

2903

294

295

296

297

298

299

300

the ice sheet is calculated by the diurnal Energy Balance Model (AEBM) [67]. This
one-dimensional energy balance model receives downscaled precipitation, tempera-
ture, shortwave and longwave radiation, and cloud cover fields, and provides the GrIS
surface mass balance on the ice-sheet grid. It provides fields for snow accumulation,
melting, and refreezing, which sum to the surface mass balance (Fig. A3). The fields
are bilinearly interpolated from the atmosphere to the ice-sheet grid, and a lapse-rate
correction of 0.005 K m~! is applied.

Experiment design

The multi-millennial future simulations with extended greenhouse gas forcing and
prescribed orbital forcing are performed with AWI-ESM. Four different Shared
Socioeconomic Pathway (SSP) scenarios are run with (”;”) and without interactive
Greenland ice sheet (SSP2-4.5, SSP3-7.0, SSP4-6.0, and SSP5-8.5). Atmospheric COq
and CH4 concentrations are prescribed and extended to the year 4000 CE (Fig. 1). The
fast Earth system model CLIMBER-X is used to obtain atmospheric CO; and CHy
concentrations from emission-driven scenarios [7, 68]. Orbital parameters are derived
after [69]. One additional experiment is performed (SSP5-8.5%), which is branched off
from SSP5-8.5;, but COy and CH4 concentrations are linearly reduced to SSP4-6.0;
values between 3000 CE and 3100 CE.

The spinup procedure is as follows: first, the climate model (AWI-ESM) was spun
up in a standalone fashion for 1,500 years. Then, AWI-ESM was coupled to PISM and
run for two 30-year iterations with back-and-forth coupling between the climate and
the ice sheet to obtain a climatological surface mass balance for the ice sheet and an
updated orography for the atmosphere model component. Initial ice sheet thickness
and bedrock topography are taken from BEDMAP [70] (Fig. A7). A PISM standalone
spinup is run with the climatological SMB for 50,000 years. Then, AWI-ESM and
PISM are run together asynchronously coupled for 120 (AWI-ESM) and 600 (PISM)
years, respectively. The model is then run synchronously coupled for another 130 years,
from which the historical simulation (HIST;) branches off.

While few models include a fully interactive Antarctic ice sheet (AIS) [26, 27, 71],
its implementation remains challenging for future projections due to the changing
land-sea mask and ice shelf geometry. We therefore only account for an interactive
GrIS and prescribe the AIS.

Validation

Model results are validated against observational data and multi-model ensemble
results. Simulated historical atmospheric CO5 concentrations match well with obser-
vations from [49] (Fig. 1b); modelled historical global mean temperature increase
matches well with observations from [44, 45] (Fig. 1c¢); modelled historical GrIS SMB
components are largely within the uncertainty range of [72] (Fig. A8); and SSP5-8.5;
GrIS volume and SMB change match well with ISMIP6 results for the correspond-
ing CMIP5 emission scenario RCP8.5 [73] (Fig. A9). While our results do not allow
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for a comprehensive stability analysis of the Greenland ice sheet, a recovery beyond
4000 CE seems unlikely as all scenarios show a global mean temperature increase well
above the critical threshold of 1.6°C as assumed by other studies [8-10, 74]. However,
duration and magnitude of the temperature overshoot matter, and stable intermediate
states might exist for the GrIS [8, 75].
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at  https://code.mpimet.mpg.de/projects/mpi-esm-license is required prior to
use of ECHAM6. The Parallel Ice Sheet Model PISM is available via
Github at https://github.com/pism/pism. The coupling between the climate
model and the ice sheet model is done via ESM-Tools from Github at
https://github.com/esm-tools/esm_tools. The energy balance model dEBM is avail-
able at https://github.com/ukrebska/dEBM.

Author contribution

MW performed simulations with the CLIMBER-X model. LA performed simulations
with the AWI-ESM. UKK, YS, and CR helped with the model setup for AWI-ESM.
LA, GK, and GL wrote the first draft. LA, MW, GK, and GL contributed to the
interpretation and discussion of the results. All authors provided input to the final
version of the manuscript.

Corresponding author

Correspondence to Lars Ackermann

Editorial Policies for:

Springer journals and proceedings: https://www.springer.com/gp/editorial-policies
Nature Portfolio journals: https://www.nature.com/nature-research /editorial-policies
Scientific Reports: https://www.nature.com/srep/journal-policies/editorial-policies

BMC journals: https://www.biomedcentral.com/getpublished/editorial-policies

12


https://fesom.de/models/awi-esm/
https://gitlab.awi.de/paleodyn/Models/echam6
 https://code.mpimet.mpg.de/projects/mpi-esm-license
https://github.com/pism/pism
https://github.com/esm-tools/esm_tools
https://github.com/ukrebska/dEBM
lars.ackermann@awi.de
https://www.springer.com/gp/editorial-policies
https://www.nature.com/nature-research/editorial-policies
https://www.nature.com/srep/journal-policies/editorial-policies
https://www.biomedcentral.com/getpublished/editorial-policies

« Appendix A Extended data

Table A1 Summary of simulations run in this study

experiment 1D

scenario

interac. ice

length [years]

SSP2-4.5
SSP3-7.0
SSP4-6.0
SSP5-8.5
SSP2-4.5;
SSP3-7.0;
SSP4-6.0;
SSP5-8.5;
PI;
SSP5-8.57

SSP2-4.5
SSP3-7.0
SSP4-6.0
SSP5-8.5
SSP2-4.5
SSP3-7.0
SSP4-6.0
SSP5-8.5
18501
3000

no
no

no

no

yes
yes
yes
yes
yes
yes

1,150
1,150
1,150
1,150
2,150
2,150
2,150
2,150
800
1000

IThe PI; simulation is run with fixed greenhouse gas and
orbital forcing for the year 1850.
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SSP2-4.5: y2800 SSP2-4.5: y2800
DJF SAT Anomaly MAM SAT Anomaly

SSP2-4.5: y2800 ‘ SSP2-4.5: y2800 9
JJA SAT Anomaly SON SAT Anomaly

2-m Temperature Anomaly [K]

Fig. A1 Seasonal atmospheric 2-m temperature difference between SSP2-4.5; and SSP2-4.5 averaged
between 2800 CE and 2849 CE.
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SSP3-7.0: y2800 SSP3-7.0: y2800
DJF SAT Anomaly MAM SAT Anomaly

SSP3-7.0: y2800 . SSP3-7.0: y2800 9
JJA SAT Anomaly SON SAT Anomaly

2-m Temperature Anomaly [K]

Fig. A2 Seasonal atmospheric 2-m temperature difference between SSP3-7.0; and SSP3-7.0 averaged
between 2800 CE and 2849 CE.
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Fig. A3 Timeseries of GrIS surface mass balance components accumulation (snow), melting, and
refreezing for a) SSP4-6.0; and b) SSP5-8.5;.
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Fig. A4 Timeseries of GrIS mass balance components calving (discharge), surface mass balance
(SMB), and basal melting for a) SSP4-6.0; and b) SSP5-8.5;.
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Fig. A5 Horizontal velocities in the North Atlantic averaged between 2500 CE and 2549 CE for
SSP5-8.5;.
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FW anomaly / m/year
y:2500-2549

Fig. A6 a) Difference of surface freshwater fluxes between SSP4-6.0; and SSP4-6.0 averaged between
2500 CE and 2549 CE; b) same as a) but for SSP5-8.5; and SSP5-8.5.

19



2700

2400

2100

iy
[o5)
o
o

1500

1200

Ice sheet height [m]

900

600

300

T T T T T T 0
Fig. A7 a) Initial ice sheet thickness used for HIST;; b) ice sheet thickness from BEDMAP [70].
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Fig. A9 Timeseries for a) Greenland ice volume anomaly expressed as potential global mean sea

level rise, and b) surface mass balance anomaly with respect to 2018 for SSP5-8.5; compared to the
RCP8.5 scenario simulations done for ISMIP6 [73]. Shaded areas indicate multi-model spread.
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Fig. A10 Atmospheric 2-m temperature difference between SSP2-4.5; and SSP2-4.5 averaged
between 2500 CE and 2549 CE.
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between 2500 CE and 2549 CE.
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Fig. A12 Initial ice sheet thickness and reference topography from [70].
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Fig. A13 Time series of CO2 emissions (a), atmospheric CO2 concentrations (b), and global mean
air temperature anomalies compared to the mean between 1951 and 1980 (c) for historical (HIST) and
different future scenarios (SSP) simulations, as well as a pre-industrial control (PI;) simulation with
a constant 1850 CO» concentration. The index 7 indicates simulations with the interactive Greenland
ice sheet. HIST simulations go from 1850 to 2015, and SSP simulations without interactive ice sheet
go from 2016 to 3000 CE, while simulations with interactive ice sheet go from 2016 to 4000 CE.
SSP5-8.57 is branched off from SSP5-8.5; in 3000 CE with atmospheric CO2 concentration linearly
decreasing to SSP4-6.0 values within one century. The black crosses in (b) represent observational
data from [49] while the black crosses in (c) represent observational data from [44, 45].
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Fig. A14 Mean DJF mixed layer depth for SSP4-6.0; averaged between 2500 CE and 2599 CE; f)
same as e) but for SSP5-8.5;. Shaded areas indicate regions where DJF mixed layer depth is reduced
by more than 200 m in simulations with interactive GrIS (SSP4-6.0; and SSP5-8.5;) compared to
those without (SSP4-6.0 and SSP5-8.5).
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